3D cell culture in the extracellular matrix (ECM), which not only provides structural support to cellular constituents, but also initiates regulatory biochemical cues for a variety of important cell functions in tissue, has become more and more important in understanding cancer pathology and drug testing. Although the ECM-gel has been used in cell culture both in bulk and on-chip, previous studies focused on collective cell behavior rather than single-cell heterogeneity. To track the behavior of each individual cell, we have developed a gel-island chip, which can form thousands of islands containing single cells encapsulated by the desired ECM. Optimized by Poisson's distribution, this device can attain 34% capture efficiency of the exact number of single cells per island. A good culture media exchange rate and high cell viability can be achieved in the gel-islands. The cells in the islands can be automatically counted for high-throughput analysis. As a proof of concept, we monitored the proliferation and differentiation of single Notch+ (stem-like) T47D breast cancer cells. The 3D collagen gel environment was found to be favorable for the stem-like phenotype through better self-renewal and de-differentiation (Notch− to Notch+ transition). More interestingly, we found that the Notch− de-differentiated cells were more resistant to doxorubicin and cisplatin than the Notch+ cells. Combining the 3D ECM culture and single cell resolution, the presented platform can automatically analyze the individual cell behaviors of hundreds of cells using a small amount of drug and reagents.
Introduction
In vitro cell culture has been widely used in cell behavior studies for more than 100 years. However, it is not until the 80s that people started to highlight the importance of 3D cell culture, especially for understanding the roles of the extracellular matrix (ECM) in tissue physiology and cancer pathology [1] . To bridge the different drug responses between conventional 2D cell culture and in vivo experiments, more and more cancer researchers are performing experiments in the more realistic 3D culture environment [2] [3] . Compared to the 2D culture, which grows cells on artificial rigid polystyrene (Young's modulus: 3 GPa) or glass (Young's modulus: 50-90 GPa), the 3D culture grows cells in the elastic ECM (Young's modulus: 50-5000 Pa, depending on the tissue) environment and can better mimic the in vivo environment [4] [5] [6] [7] . In addition to their mechanical property, cells are known to sense the biochemical signals from the surrounding ECM using various signal transduction cascades via receptors on the cell membrane [8] . Therefore, it is important to apply 3D ECM culture in microfluidics for re-capitulating the tumor microenvironment.
Due to the genomic and epi-genomic instability of tumors, cancer cells are notorious for their heterogeneity. Among the various sub-populations, cancer stem-like cells (CSCs), which play critical roles in cancer metastasis, therapeutic resistance, and relapse, are important clinical targets [9] [10] [11] [12] . As stem-like cells, CSCs are capable of either self-renewal (symmetric division) to generate CSCs or differentiation (asymmetric division) to make differentiated cancer cells [13] . Considerable evidence suggests that the symmetric division of CSCs is critical for the progression of tumors, whereas skewing toward asymmetric division can lead to tumor suppression [14] [15] . Although it is believed that the 3D culture environment is favorable for stem-like phenotypes, it is not clear whether this is caused by (1) reduced asymmetric division, (2) increased symmetric division, or (3) better survival of stem-like cells [16] [17] . In addition, CSCs are typically more resistant to chemotherapies; however, it is not clear whether self-renewing CSCs have stronger resistance compared to differentiating CSCs [18] [19] . Using the conventional dish-based approach, only the final cell number and gene expression (or Live/Dead) can be counted by fluorescence-activated cell sorting (FACS). The averaged end-point results provide little insight into the cellular heterogeneity of CSCs and not the process of how the population is skewed. To decipher the changes of CSC populations in different conditions and treatments, there is a need for single cell analysis to monitor the fate of each individual cell.
Due to the benefits of small sample volumes, precise fluid control, and high-throughput scaling, microfluidic technology has emerged as a state-of-the-art approach for single cell analyses [20] [21] [22] [23] [24] . There are a number of previous reports on microfluidic platforms for 3D cell culture, but many of them use a suspension culture with hydrogel, which cannot emulate the cell-ECM interactions in vivo [25] [26] [27] . To incorporate 3D ECM in microfluidics, some researchers control the hydrogel matrix using laminar flow [28] , surface tension (achieved using micropillars) [29] , and physical confinements [30] [31] , but these cannot achieve precise spatial control for performing a single cell assay. Hydrogel droplet formation [32] [33] and 3D bioprinting [34] encapsulating single cells have merits in high-throughput and precise micro-environment control. However, only a limited number of bio-materials can be used for these technologies, thus making it difficult to study a wide range of different ECMs, which have distinct biochemical properties. In addition, the shear force induced by inkjet printing can compromise the cell viability. Although filling a hydrogel with cells in microwells can be one simple alternative [35] , exposed microwells can easily suffer from media evaporation, which increases osmolality and thus affect cell viability. Moreover, cells will be inevitably washed away when exchanging the media in microwells. To reliably culture single cells in a 3D hydrogel for cellular heterogeneity study, we developed a gelisland chip, which attains (1) reliable single cell encapsulation in a hydrogel-based 3D culture, (2) high-throughput assay of hundreds of single cells, (3) automatic single cell monitoring for cellular heterogeneity characterization, and (4) efficient use of ECMs and reagents.
Experimental Device Fabrication
The gel-island chip is composed of one layer of PDMS (polydimethylsiloxane), which was fabricated on a silicon substrate via standard soft lithography and a glass slide. Each microfluidic chip contains 1500 chambers with a 2.25 nL (150 μm × 150 μm × 100 μm) volume capacity. The main channel was designed to be 200 μm in width to ensure sufficient culture media or drug supply near the entrance of each chamber. One mask was used to fabricate the 100 μm thick SU8 (Microchem) for the microfluidic channel. 40 grams of PDMS was cured at 100°C for 1 day and then peeled off from the master. After punching the inlet and outlet using a 0.6 mm diameter biopsy punch, the PDMS layer activated by oxygen plasma treatment (80 Watts, 60 seconds) was bonded to the glass slide. The bonded device was placed on a hot plate at 80°C for 5 minutes to enhance the bonding strength.
Lentiviral transduction
T47D breast cancer cells were transduced with pGreenFire1-Notch lentiviral (System Biosciences, Mountain View, CA) particles using standard protocols. Lentiviruses were prepared using 3rd generation helper plasmids to generate VSVG pseudotyped particles (roughly 1 × 10 7 units/mL) by the University of Michigan Vector Core. 500,000 T47D breast cancer cells/well (50,000/cm 2 ) were plated in a 6-well plate, and transduced the following day at an MOI of 10 for 24 hr. Transduction efficiency was ~90% at 1 week post transduction based on FACS analysis of eGFP from cells transduced with pGreenFire-CMV. GFP+ cells were collected by flow cytometry sorting using a MoFloAstrios cytometer to insure all cells contained the lentiviral vector. Following cell culture, GFP− cells were generated from GFP+ cells after reaching equilibrium.
Cell culture
Several breast cancer cell lines, such as MDA-MB-231 and T47D, were cultured both in bulk and in the gel-island chip. MDA-MB-231 cells were obtained from Dr. Gary Luker's Lab (University of Michigan, MI, USA). T47D cells were obtained from Dr. Max Wicha's Lab (University of Michigan, MI, USA). MDA-MB-231 cells were cultured in DMEM (Gibco 11965) with 10% FBS (Gibco 10082) and 1% penicillin/streptomycin (Gibco 15070). T47D cells were cultured in RPMI (Gibco 11875) with 10% FBS (Gibco 10082) and 1% penicillin/streptomycin (Gibco 15140). All cells were cultured in polystyrene culture dishes and passaged when they reached over 80% confluency in the dish.
Collagen gel preparation
To prepare a collagen gel solution, the final concentration and final volume of the collagen gel solution were first determined. Then, the required volume of rat tail collagen type I (3.38 mg/mL, Corning, 354236) was calculated to reach the final collagen concentration. 10% 10X DMEM, low glucose (Sigma-Aldrich, D2429) and 10% FBS (Gibco 10082) was also added to supply nutrient once gelation began. Depending on the final cell concentration in the gel, this concentration was multiplied with a factor of 5 to calculate the required cell concentration. The pH of the final mixture was adjusted to pH = 7.4 by adding sodium hydroxide (NaOH), (Sigma Aldrich, 415413). The contents in the tube were mixed thoroughly by pipetting up and down to avoid local pH variance or cell aggregates. DMEM HEPES (Life Technologies, 11300-032) was used to prepare cell suspensions, which provided supplemental buffering to the gel mixture at pH 7.2 through 7.6 and minimize the batch to batch pH variance. It is desirable to place all the solutions and tubes in a refrigerator half an hour prior to the experiment to avoid partial collagen gelation during collagen gel solution preparation.
Cell loading and single cell monitoring
Before cell loading, the chip was exposed to UV radiation to ensure sterilized conditions. For small sample loading, the prepared cell-laden collagen gel solution was pipetted into the 3 inlets on the chip at the small volume of 20 μL each. Negative pressure generated by a Pasteur pipette bulb (~1000 Pa) was applied at all 3 outlets so that gel solution could fill the main channels. Vacuum (~0.1 atm) was applied to the inlet of vacuum channel for 100 seconds until all the culture chambers were filled with collagen gel solution. Then, air was pumped into the 3 gel-loading inlets to clear out the gel solution remaining in the main channels. The entire process was performed on ice to prevent pre-mature collagen gelation. The device was then placed in a cell culture incubator (37°C, 5% CO 2 ) for 30 minutes until full gelation. Then, cell culture media was added to all inlets. For cells cultured on-chip, culture media was exchange every day by disposing of all the liquid in both inlets and outlets, then placing 100 μL new culture media in the inlets. To monitor the Notch activity, the reporter cells were imaged using a fluorescent microscope. The fluorescent intensity ratio of 48 hours and 6 hours after cell loading for the same cells were calculated as the Notch activity changes.
Image acquisition
The microfluidic chips were imaged using an inverted microscope (Nikon). Bright-field and fluorescent images were taken with a 10× objective and a charge-coupled device (CCD) camera (Coolsnap HQ2, Photometrics). FITC and TRITC filter sets were used for the fluorescent imaging. The microfluidic cell chamber array was scanned with a motorized stage (ProScan II, Prior Scientific). Before each scanning, the stage was leveled to ensure the image remained in focus throughout the entire imaging area. The fluorescent intensity of each cell was quantified using the Nikon Research Basics software. To cancel the background noise and substrate absorption, the background fluorescent intensity was subtracted from the intensity of the cells.
The categorization of cancer cell states
Based on the GFP fluorescent intensity, cells were identified as Notch+ cells and Notch− cells (Fig. S1 ). All the viable cells were classified into 6 cell states after culture in collagen islands for 48 hours: (1) 
Anticancer drug susceptibility test
For the demonstration of anticancer drug susceptibility testing, T47D Notch+ cells were loaded with collagen gel at a concentration of 2 mg/mL and cultured in gel-islands for 48 hours, as described above. Then, cells were treated with 0.3 μM Doxorubicin (Cayman Chemical 15007) and 50 μM Cisplatin (Cayman Chemical 13119) for 72 hours. The concentration of each drug was chosen based on a drug IC50 experiment at the bulk level (Fig. S2) . The drug solution was exchanged every 24 hours by disposing of all the liquid in both inlets and outlets, then 100 μL new drug solution was put in the inlets. To determine the cell viability after drug treatment, cells were stained using the Live/Dead Viability/ Cytotoxicity Kit for mammalian cells (Life Technologies, L-3224) and were put in an incubator (37°C, 5% CO 2 ) for 30 minutes, followed by fluorescence microscopy imaging. The fluorescence of Notch+ reporter cells due to GFP were negligible because it is an order of magnitude weaker than the fluorescence due to the Live/Dead staining, as shown in Fig.  S3 .
Automatic Cell Counting Program
The number of live and dead cells was counted automatically using a Matlab program developed by our lab. For each Live/Dead staining fluorescence microscopy image, there were three overlaid channels: brightfield, FITC, and TRIC. This program obtained the fluorescent intensity value of each pixel on the FITC channel and TRIC channel. Each pixel had a value ranging from 0 to 255 to indicate its brightness. The pixels with values greater than the pre-defined threshold were treated as "bright pixels" by the program. Any block containing over 5 × 5 "bright pixels" was counted as one valid cell, so that any noise, cell debris, and device defects were not included because of their small size or low fluorescent intensity. In this way, the program counted the number of live cells and dead cells, and marked them with rectangles of different colors for further analysis. The entire cell counting process takes less than 2 minutes to give results. The detailed work flow and algorithm is available in the Supplementary Note.
Data analysis and processing
The chambers that captured multiple cells were not included for analysis. The error bars are the standard deviation calculated using the Excel STDEV function. The statistical significances are determined by either the unpaired nonparametric U test or Excel student Ttest, using two-tail distribution and two-sample unequal variance. The significance level of p < 0.05 was used to consider statistical significance. * Refers to P < 0.05, ** refers to P < 0.01, and *** refers to P < 0.001. Results are presented as mean ± SD.
Results and Discussion

Design of gel-island chip
The microfluidics gel-island chip comprises 1500 individual culture chambers (150 μm × 150 μm, and 100 μm in height) ( Fig. 1 (a) ). All the culture chambers are aligned in series and connected to a main microfluidics perfusion channel (200 μm wide) by a narrow channel of 150 μm length and 40 μm width. A separate channel was designed in parallel with the main channel for applying vacuum, with the separation of a 50 μm-thick PDMS sidewall between the culture chambers and vacuum channel ( Fig. 1 (b) ). The entire microfluidics chip is divided into 3 subunits with 500 culture chambers in each subunit. These three subunits share a joint vacuum channel, so that the loading process for the entire chip can be performed simultaneously.
Single cell loading
To study single cell behavior in the 3D ECM microenvironment, which recapitulates the in vivo environment, we developed a loading scheme to form isolated collagen islands while enabling perfusion media exchange. Due to the surface tension effect, initially the main channel of the device is completely filled with fluids, leaving the air trapped inside the chambers (Fig. 2 (a) ). Then, vacuum is applied to the vacuum channel next to the chambers (Fig. 2 (b) ). Due to the high gas-permeability of the polydimethylsiloxane (PDMS) sidewall, air in the chambers can diffuse through PDMS into the vacuum channel gradually and drive the gel solution into the chamber. After applying vacuum for 100 seconds, the air in the chambers is completely replaced by gel solution and single cells are captured (Fig. 2 (c) ). The flow resistance from the main channel to the chamber is designed to be two orders of magnitude higher than the flow resistance in the main channel. According to the HagenPoiseuille equation, when pumping air into the main channel, the gel solution in the main channels can be purged, while the collagen solution in the culture chambers remains (Fig. 2  (d) ). Thus, isolated collagen gel islands are formed and the cell culture media can be exchanged through the main channel for long-term cell culture. Because the distribution of cells per chamber should follow a Poisson distribution, the maximized number of single-cell islands can be achieved when loading the same cell number as the total number of the chambers. Using the optimized loading density, 34% of the 1500 chambers are loaded with single cells (Fig. 2 (e, f) ).
Long term cell culture capability
Because the collagen gel in the main channel was evacuated by air flow, we were able to load culture media into main channel and supply nutrient to cells in the chambers via diffusion. To characterize the diffusion rate of nutrient molecules, we created collagen islands using the method described in the previous section and then flowed dextran conjugated fluorescein (MW = 40k) in the main channel to mimic large protein molecules diffusing into the culture chambers (Fig. 3 (a) ). By comparing the fluorescent intensity between the culture chambers and main channel, we verified that it takes less than 2 hours for the fluorescein concentration in the chambers to reach 80% of that in the main channel and around 4 hours to reach 90% (Fig. 3 (b) ). In addition, we demonstrated that the fluorescent intensity difference between chambers upstream and downstream was less than 10% (Fig. 3 (c) ), thus indicating uniform media supply throughout the device. To make sure that the location of the encapsulated cells does not lead to large variance in mass transfer, we also verified conformal biomolecule distribution inside the culture chambers (Fig. S4) . The diffusion experiments suggest good media exchange capability for the cell culture. To further demonstrate the long-term cell culture capability of the reported microfluidics platform, we loaded MDA-MB-231 and T47D (breast cancer) cells into the island chip and cultured for 7 days. As shown in Fig. 3 (d) , single cell derived colonies were formed in the culture chambers. The size of the on-chip colony was comparable with the bulk collagen gel culture control (Fig. S5) . Using the isolated gel-islands, we were able to track individual single cell proliferation and differentiation behaviors in the 3D environment, which provide insights about cellular heterogeneity.
Cancer cell differentiation study
Using the Notch reporter system [35] , the Notch activity of each individual cell was determined by its GFP expression (fluorescent brightness). To study cell proliferation and differentiation behaviors in single cell resolution, T47D cells were loaded with collagen gel at a concentration of 2 mg/mL or regular culture media (2D control) into different devices (Fig. 4 (a) ). The cells loaded with collagen gel solution were cultured in the gel-island, whereas the ones loaded with media were in the 2D culture environment. After 2 days culture, although the 2D control group had a higher percentage of proliferating cells compared to the 3D environment, more Notch+ cells differentiated to Notch− cells in the 2D environment when normalizing the total number of proliferation events (Fig. 4 (b) ). In addition to the Notch+ cells, when characterizing the cell fate for the Notch− population, we observed significantly more Notch− to Notch+ transition cases in the 3D collagen condition than in the 2D condition (Fig. 4 (c) ). Using conventional approaches, researchers cannot identify the process of skewing of the population. With the aid of the presented platform, we found that the skewing toward stem-like morphology was caused by both maintaining selfrenewal potentials and de-differentiation (Notch− to Notch+ transition). In addition to the binary separation of Notch+ and Notch− cells, we tracked the Notch expression of each individual cell by its GFP intensity. The GFP fluorescent intensity of each individual cell was measured 6 hours and 48 hours after cell loading (Fig. S6) . As shown in Fig. 4 (d) , the Notch expression of cells was elevated in the 3D culture environment compared to the 2D culture. This data also support that 3D collagen condition enhances the expression of the Notch signaling pathways.
Cancer drug susceptibility test
Conventionally, people use 96-well or 384-well plates for drug screening and the results are measured by MTT-based colorimetric analysis or Live/Dead cell counting using flow cytometry. Although they have been used for decades and still prevail, these conventional assays provide limited insight about cellular heterogeneity. Moreover, despite the fact that CSC can be sorted based on the markers, the differentiation and state transition can happen before or during the drug treatment. More importantly, it is almost impossible to distinguish CSC derived from self-renewal or de-differentiation using dish based approaches. To precisely correlate the cell states and drug efficacy, the states of each single cell should be tracked before and after drug treatment. Herein, we categorize cells into 6 different states: symmetrically divided Notch+ cell, asymmetrically divided Notch+ cell, quiescent Notch+ cell, de-differentiated Notch− cell, symmetrically divided Notch− cell, and Notch− quiescent cell. (Fig. S7) . Using the gel-island chip, the drug (doxorubicin, cisplatin) efficacy of each type of cell state was characterized (Fig. 5 (a) ).
First, using the single cell monitoring capability of the gel-island chip, we noticed that the Notch+ cells were less sensitive to the chemo-drug than Notch− cells (Fig. 5 (b) ). This observation matches well with the expectation that Notch pathways correlate with cell stemness and drug resistance [37] , [38] . Second, among the proliferating cells, symmetrically divided Notch+ cells were found to be more resistant than asymmetrically divided cells (Fig. 5 (c) ). Again, this difference can be explained by the higher stemness of the self-renewing cells than that of the differentiating cells. More interestingly, Notch− dedifferentiated cells, which underwent the Notch− to Notch+ transition, showed significantly higher drug resistance than all the other cell states, which indicates that the de-differentiating cells can be a major contributor of drug resistance. A similar drug response pattern was observed in the two drugs we tested. This result suggests that the drug response of cancer cells is not only determined by the cell status at a single static time point but also the process of cell proliferation, differentiation, and de-differentiation. Therefore, it is importance to use single-cell tools to track individual cell behavior for understanding the heterogeneous cell responses to cancer drugs.
Conclusion
We report a gel-island chip combining single cell resolution and the 3D ECM cell culture environment. By simply applying vacuum, single cells can be loaded into the islands with gel solution. Then, the gel in the main channel is evacuated by pumping air, thus forming isolated gel-islands. Using an optimized cell concentration, the single cell capture rate can reach 34% based on Poisson's distribution. Good media exchange rate into the islands, as well as upstream and downstream uniformity was demonstrated. We also showed that cells cultured in the gel islands for 7 days maintained high viability. Using this platform, we monitored the symmetric and asymmetric division of Notch+ (stem-like) T47D breast cancer cells. Compared to conventional approaches, which only allow researchers to observe the cells skewing to stem-like morphology in 3D culture without identifying the process in single cell resolution, utilizing the presented platform, we found that the skewing was caused by both the increased self-renewal of stem-like cells and the de-differentiation of Notch− (non-stem-like) cells. In addition, we performed the drug testing of doxorubicin and cisplatin to compare the different fates of individual Notch+ and Notch− cells. As expected, Notch+ cells were more resistant than Notch− cells. Interestingly, we found that dedifferentiated (Notch− to Notch+) cells were significantly more drug resistant than Notch+ cells, which demonstrates that drug efficacy can be correlated with the state change of cells. This finding suggests the importance of monitoring single cells in the 3D ECM environment, which was not previously possible using conventional approaches.
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